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SUCCESSIVE TIME-TO-DIGITAL 
CONVERTER FOR A DIGITAL 

PHASE-LOCKED LOOP 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention generally relates to digital communications 

and, more particularly, to a system and method using time 
to-digital converters (TDCs) for generating digital phase 
locked loop (PLL) error signals. 

2. Description of the Related Art 
Digital PLLs (DPLLs) are an area of active research and 

development. A DPLL performs the loop ?ltering function in 
the digital domain With synthesized logic. DPLLs provide 
several advantages over the analog PLLs, including easier 
and faster implementation, and better controllability of the 
PLL parameters. Also, the integrated circuit (IC) die area 
devoted to the circuitry and poWer consumption can be 
greatly reduced, especially in advanced fabrication pro 
cesses. Therefore, there is a groWing interest in DPLLs for 
high performance applications. 

In a PLL based frequency synthesizer, the voltage con 
trolled oscillator (V CO) clock is constantly compared With a 
reference clock. This comparison generates an error signal 
that is ?ltered and provided to the VCO, to correct the VCO 
frequency. In a charge pump PLL (CPPLL), a combination of 
phase/frequency detector (PFD) and charge pump perform 
phase error detection, and output an analog error signal. In 
DPLL, there is a need to convert this analog error signal to a 
digital error signal. One Way of converting an analog signal to 
a digital signal is to utilize an analog-to-digital converter 
(A/D), but this approach requires additional poWer consump 
tion and IC die area. A more practical approach Would be to 
use a TDC to directly convert the phase offset to a digital error 
signal. A TDC can be used to digitize the duration of time 
betWeen tWo events, usually represented by the edges of a 
signal. As described in more detail beloW, a TDC can be 
enabled With a delay line and sampling ?ip ?ops. 
A key implementation challenge With the use of a TDC is 

the achievement a ?ne resolution error signal, in order to 
minimize the quantization noise effect on the PLL closed loop 
performance. HoWever, a very ?ne resolution TDC usually 
has high, poWer consumption, making it unattractive com 
pared to conventional charge pump architecture. Therefore, a 
major challenge associated With a TDC is the tradeoff 
betWeen resolution and poWer consumption. For example, a 
155 megahertz (MHz) reference clock and 5 picoseconds (ps) 
of resolution require more than 210 delay elements/ samplers. 
It Would be advantageous if a loW-poWer TDC architecture 
could be used in DPLLs. 

It Would be advantageous if TDC poWer consumption 
could be minimized by signi?cantly reducing the dynamic 
range requirements over Which the TDC is expected to oper 
ate. 

SUMMARY OF THE INVENTION 

Disclosed herein are a system and method for using a 
Time-to-Digital Converter (TDC) to replace a conventional 
Phase Frequency Detector (PFD)/charge-pump (CP) in an 
analog Phase Lock Loop (PLL) system. The TDC compares a 
reference clock to a frequency synthesizer feedback clock, 
and generates a digital Word that represents the phase offset 
betWeen the tWo. This Successive Time to Digital Converter 
(STDC) processes the reference clock and frequency synthe 
sizer clock, and generates a digital Word representing the ratio 
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2 
of the tWo clock cycles, from Which a digital representation of 
phase offset can be derived. The STDC is able to achieve 
comparable resolution to a conventional TDC With almost an 
order of magnitude feWer delay element/ samplers. Further 
more, the STDC alloWs dynamic poWer management, Which 
signi?cantly reduces the poWer consumption. By improving 
the performance-to-poWer dissipation ratio of TDCs, the 
building of poWer ef?cient high performance digital PLLs is 
possible. Another advantage is that the PLL can be made 
Without the need for a divider in the feedback loop. 

Accordingly, a successive time-to-digital converter 
(STDC) method is provided for supplying a digital Word 
representing the ratio betWeen a phase-locked loop PLL fre 
quency synthesizer signal and a reference clock. The method 
accepts a reference clock and a frequency synthesizer signal. 
The number of frequency synthesizer clock cycles per refer 
ence clock cycle is counted. A ?rst difference is measured 
betWeen an edge of a reference clock period and a corre 
sponding edge of a frequency synthesizer clock period. In 
response to the ?rst measurement, a second difference is 
measured betWeen an edge of a delayed reference clock 
period and the corresponding edge of the frequency synthe 
sizer clockperiod, Where the second difference is less than the 
?rst difference. A third difference is measured as a time 
duration betWeen the edge of the delayed reference clock 
period and the corresponding edge of a frequency synthesizer 
clock period delayed a full period. The third difference mea 
surement, the ?rst difference measurement, and the count of 
the number of frequency synthesizer clock cycles per refer 
ence clock cycle, are used to calculate a digital error signal, 
Which is supplied to the frequency synthesizer. 

Additional details of the above-described method and 
STDC system are presented beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of a successive time 
to-digital converter (STDC) and frequency synthesizer. 

FIG. 2 is a schematic block diagram depicting a detailed 
example of the ?rst TDC of FIG. 1. 

FIG. 3 is a schematic block diagram depicting a detailed 
example of the phase interpolator of FIG. 1. 

FIG. 4 is a schematic block diagram depicting an example 
of the frequency detector of FIG. 1 is greater detail. 

FIG. 5 is a schematic block diagram depicting a detailed 
example of the second TDC of FIG. 1. 

FIG. 6 is a schematic block diagram depicting the overall 
STDC of FIG. 1 in greater detail. 

FIG. 7 is a timing diagram illustrating the theory of opera 
tion of the STDC of FIG. 6. 

FIG. 8 is a ?owchart illustrating a STDC process for phase 
frequency acquisition. 

FIG. 9 is a ?owchart illustrating a STDC method for sup 
plying a digital Word representing the ratio betWeen a phase 
locked loop PLL frequency synthesizer signal and a reference 
clock. 

DETAILED DESCRIPTION 

FIG. 1 is a schematic block diagram of a successive time 
to-digital converter (STDC) and frequency synthesizer. The 
STDC 100 comprises a frequency detector 102 having an 
input on line 104 to accept a reference clock (REFCLK), and 
an input on line 106 to accept a frequency synthesizer clock 
(V COCLK) from a frequency synthesizer 1 08. The frequency 
detector 102 has an output on line 110 to supply a count of the 
number of frequency synthesizer clock cycles per reference 
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clock cycle (HSCNTROUT), also referred to as the count. A 
?rst TDC 112 has an input on line 104 to accept the reference 
clock, and an input on line 106 to accept the frequency syn 
thesizer clock. The ?rst TDC 112 measures a ?rst difference 
betWeen an edge of a reference clock period and a corre 
sponding edge of a frequency synthesizer clock period, and 
provides the ?rst difference measurement (CTDCOUT) at an 
output on line 114. The ?rst TDC 112 also provides the 
frequency synthesizer clock delayed a full cycle (VCOCLK+ 
275) on line 116. 
A phase interpolator 118 has an input on line 104 to accept 

the reference clock, an input on line 106 to accept the fre 
quency synthesizer clock, and an input on line 114 to accept 
the ?rst difference measurement. The phase interpolator 118 
supplies the reference clock on line 120 delayed to create a 
second difference (REFCLK+(I>x) betWeen the edge of the 
delayed reference clock period and the corresponding edge of 
the frequency synthesizer clock period, Where the second 
difference is less than the ?rst difference. 
A second TDC 122 has an input on line 120 to accept the 

delayed reference clock period, and input on line 116 to 
accept the delayed frequency synthesizer clock. The second 
TDC 122 measures a third difference (FTDCOUT) betWeen 
the edge of the delayed reference clock period and the corre 
sponding edge of the delayed frequency synthesizer clock 
period, and provides the third difference measurement as a 
time duration on line 124. A digital signal processor (DSP) 
126 has an input on line 124 to accept the third difference 
measurement, an input on line 114 to accept the ?rst differ 
ence measurement, and an input on line 110 to accept the 
count from the frequency detector. The DSP 126 has an output 
on line 128 to supply a digital error signal to the frequency 
synthesizer 108. The digital error signal to the frequency 
synthesizer 108 may frequency error signal, a phase error 
signal, or both a phase and frequency error signal (in succes 
sion).Advantageously, the digital error signal can be supplied 
directly to a, digital frequency synthesizer. 

FIG. 2 is a schematic block diagram depicting a detailed 
example of the ?rst TDC of FIG. 1. In one aspect, the ?rst 
TDC 112 supplies the ?rst difference measurement as a digi 
tal Word representing the relationship betWeen the edge of the 
reference clock and a phase of the frequency synthesizer 
clock. As shoWn in this example, the ?rst TDC 112 includes n 
serially connected delay circuits 202-0 through 202-(n-1) 
accepting the frequency synthesizer clock on line 106, and 
supplying n frequency synthesizer clock phases on line 106 
(no delay), 200-0, 200-1, and 200-(n-1). In this example, 
n:4, but the TDC is not limited to any particular value. Also 
shoWn are n latches 204-0 through 204-(n-1). Each latch 204 
has a signal input connected to receive a corresponding fre 
quency synthesizer clock phase. Each latch 204 also has a 
clock input connected to receive the reference clock on line 
104, and an output on line 114 to supply a corresponding bit 
in an n-bit ?rst difference measurement signal. 

Also shoWn is a delay control element 206 accepting a DLL 
control signal on line 208 from the DSP (not shoWn in FIG. 1). 
The delay control element 206 is able to control the delay 
through delay elements 202 With signals on lines 210-0 
through 210-(n-1), in response to the DLL control signal. As 
used herein, delay coverage is the maximum period of time 
that a TDC can process. The time period beyond the delay 
coverage cannot be distinguished by the TDC. Typically, the 
delay coverage is the total delay of the delay chain. Resolu 
tion is the TDC step size as a time duration measurement, and 
dynamic range is the ratio of delay coverage to resolution. 
These variables may be set With the DLL control signal. 
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4 
It shouldbe noted that a number of TDC designs are knoWn 

in the art, and that the ?rst TDC of FIG. 1 can be enabled using 
designs other than the example depicted in FIG. 2. 

FIG. 3 is a schematic block diagram depicting a detailed 
example of the phase interpolator of FIG. 1. As shoWn, n 
serially connected delay circuits 300-0 through 300-(n-1) 
accept the reference clock on line 104, and supply n reference 
clock phases on 302-0, 302-1, 302-2, and 302-(n-1). In this 
example n:4, but the phase interpolator is not limited to any 
particular value. A multiplexer (MUX) 304 has signal inputs 
on line 302-0, 302-1, 302-2, and 302-(n-1) to accept them 
reference clock phases and a control input on line 114 to 
accept the ?rst difference measurement. 

Also shoWn is a delay control element 306 accepting a DLL 
control signal on line 308 from the DSP (not shoWn in FIG. 1). 
The delay control element 306 is able to control the delay 
through delay elements 300 With signals on lines 310-0 
through 310-(n-1), in response to the DLL control signal. It 
should be noted that a number of TDC designs are knoWn in 
the art, and that the phase interpolator of FIG. 1 can be 
enabled using designs other than the example depicted in 
FIG. 3. 

FIG. 4 is a schematic block diagram depicting an example 
of the frequency detector of FIG. 1 is greater detail. In this 
example, the frequency detector 102 includes a counter 400 
having an input to accept the frequency synthesizer clock on 
line 106, an input to accept an enable signal from the DSP 
on-line 402, and an output to supply a tally (COUNTVAL) on 
line 404, triggered by the enable signal. A latch 406 has a 
signal input to accept the tally on line 404, and clock input, 
connected to receive the reference clock on line 104, and an 
output to supply the count of the number of frequency syn 
thesizer clock cycles per reference clock cycle on line 110. 
Other means of sampling the number of frequency synthe 
sizer clock cycles per reference clock cycle are knoWn in the 
art that Would enable the frequency counter of FIG. 1. 

FIG. 5 is a schematic block diagram depicting a detailed 
example of the second TDC of FIG. 1. In one aspect, the 
second TDC 122 supplies the third difference measurement 
as a digital Word on line 124, representing the relationship 
betWeen the edge of the delayed reference clock and a phase 
of the delayed frequency synthesizer clock. As shoWn in this 
example, the second TDC 122 includes m serially connected 
delay circuits 502-0 through 502-(m-1) to accept the delayed 
frequency synthesizer clock on line 116, and supplying m 
phases of the delayed frequency synthesizer clock on line 116 
(500-0), 500-1, 500-2, and 500-(m-1). In this example, m:4, 
but the TDC is not limited to any particular value. Neither is 
there any particular relationship betWeen the value of m and 
the value of n. Also shoWn are m latches 504-0 through 
504-(m-1). Each latch 504 has a signal input connected to 
receive a corresponding phase of the delayed frequency syn 
thesizer clock. Each latch 504 also has a clock input con 
nected to receive the delayed reference clock on line 120, and 
an output on line 124 to supply a corresponding bit in an m-bit 
third difference measurement signal. 

Also shoWn is a delay control element 506 accepting a DLL 
control signal on line 508 from the DSP (not shoWn in FIG. 1). 
The delay control element 506 is able to control the delay 
through delay elements 502 With signals on lines 510-0 
through 510-(m-1), in response to the DLL control signal. It 
should be noted that a number of TDC designs are knoWn in 
the art, and that the second TDC of FIG. 1 can be enabled 
using designs other than the example depicted in FIG. 5. 

In another aspect, the second TDC 120 is selectively 
enabled in response to a signal from the DSP on line 512. As 
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shown, device 514 supplies power to the second TDC 120 on 
line 516 in response to the enable signal on line 512. 

Functional Description 

FIG. 6 is a schematic block diagram depicting the overall 
STDC of FIG. 1 in greater detail. As shoWn, the STDC 100 
includes tWo coarse TDCs (CTDCs) 112 and 118, a ?ne 
resolution TDC (FTDC) 122, and a high speed counter 
(HSCNTR) or frequency detector 102. CTDC 118 performs 
the function of a phase interpolator. The HSCNTR 102 is a 
counter that increments at every rising edge of the frequency 
synthesiZer clock (V COCLK). HSCNTR cycles every 
2k vcoclk cycles, Where k>max(log2(T,e rmcyg) to ensure cor 
rect operation. 

Both the ?rst TDC 112 and the phase interpolator 118 are 
calibrated to have a total delay coverage of one frequency 
synthesiZer clock cycle. CTDC1 112 measures the relative 
position of the reference clock (REFCLK). With n delay 
stages, the output of CTDC1 on line 114 is accurate to 1/n 
clock cycles. The VCOCLK+2TIZ (delayed frequency synthe 
siZer clock) on line 116 is the frequency synthesiZer clock, on 
line 106, delayed by 1 frequency synthesiZer clock cycle. 
CTDCOUT on line 114 (?rst difference measurement) is a 
digital Word that represents the delay difference betWeen the 
rising edge of the REFCLK and the rising edge of the fre 
quency synthesiZer clock (VCOCLK). 
CTDC2 118 produces n phases of REFCLK, (DO, (I) 1 . . . and 

<I>n_ 1, Which are 1/n frequency synthesizer clock cycles apart. 
The FTDC 120 is a TDC calibrated to have delay coverage of 
1/n frequency synthesiZer clock (V COCLK) cycles and it 
outputs n bits that represent the position of the rising edge of 
the delayed REFCLK (REFCLK+(I>x) With respect to the 
rising edge of the delayed frequency synthesiZer clock (VCO 
CLK+2a-c). 

FIG. 7 is a timing diagram illustrating the theory of opera 
tion of the STDC of FIG. 6. In this example, n:4. The ratio of 
the period of Tvco and Trefcan be derived from the combina 
tion of the count (HSCNTROUT), the ?rst difference mea 
surement (CTDCOUT), and the third difference measure 

ment (FTDCOUT). 

TrefIk] comprises: 
Duration A; 

Duration B; and, 
Duration C. 

At the rising edge of the REFCLK, the HSCNTR output 
COUNTVAL (tally) is sampled by the latch (DFF) to become 
COUNTOUT (the HSCNTROUT on line 110 of FIG. 6). 
Duration A can be derived from COUNTOUT With the fol 
loWing equation: 

Duration A :Tvco><(COUNTOUT[k+1]— C OUNTOUT 
[kl ) 

CTDC1 outputs a digital Word that represents the position 
of the REFCLK With, respect to the VCOCLK. In the case of 
n:4, CTDCOUT has one of the four patterns 1001, 1100, 
0110, and 0011, Which represent q/n Tvco<Tres[k]<(q+1)/n 
Tvco, With q:0, 1, 2, and 3, Where q is associated With 
duration B. This digital Word controls a multiplexer Which 
selects one of the n phases (I>(n—q) of CTDC2 to be sent to the 
FTDC. In this example, q[k]:2 and q[k—1]:1. 
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6 
Altemately, CTDCOUT can be represented by the folloW 

ing Table: 

CTDCOUT q (I) selected by MUX 

1001 0 3 
1100 1 2 
0110 2 1 
0011 3 0 

The FTDC accepts the VCOCLK delayed by one VCO 
CLK cycle, and a delayed version of the REFCLK such that 
the VCOCLK is delayed by (q/n Tvco) more than the REF 
CLK. Since the FTDC is using the delayed version of the 
REFCLK, the rising edge of the original REFCLK can be 
used to enable the FTDC, so it is enabled only fref/(n*fvco) of 
the time. In the case of k:4, FTDCOUT has one of the four 
patterns: 1000, 1100, 1110, and 1111, Which represents 
(q/n)+(r/nm) Tvco<Tres[k]<q/n+(r+1)/((nm)-Tvco), With 
1:0, 1, 2, and 3. 
The variable r is used to calculate another part of duration 

B. Generally, the term “q” is associated With a time duration 
at least an order of magnitude larger than the time duration 
associated With the term “r”. 

With r[k] and q[k] identi?ed, the folloWing can be derived: 

LII/<1 
DURATION B — Tvco X + 

n 

Similarly, 

DURATION c - Tvco X (1 - q 

The ratio betWeen Tref and Tvco is therefore: 

TrefclkL/c] 
— COUNTOUT[k + 1] — 

Tvcoclk 

COUNTOUT[k] + 

The FTDC, CTDC1, and HSCNTR digital outputs are sent 
to the DSP, and the DSP outputs a digital Word that computes 
the above equation to obtain the ratio betWeen Tref and Tvco. 

Note that in the above example, the delay coverage of 
FTDC1 is 1/m Tvco. An implementation With FTDC1 delay 
coverage larger than 1/m Tvco has the advantage of providing 
redundancy for error checking. 
The STDC examples of FIGS. 1 and 6 are enabled With one 

stage of coarse TDC, but it should be understood that the 
system is not limited to any particular number of coarse 
TDCs, and that the use of more TDCs permits ?ner resolution. 
The STDC also includes an integrated poWer management 
feature, Which permits a signi?cant reduction in poWer con 
sumption by turning off certain blocks (e. g., the CTDCs and 
FTDC) When they are not being used. 

FIG. 8 is a ?owchart illustrating a STDC process for phase 
frequency acquisition. The STDC starts in frequency acqui 
sition mode (Step 800). In Step 802 the tWo CTDCs and the 
FTDC are disabled, and the DSP is monitoring the HSCNTR 
and the REFCLK inputs. The DSP of the STDC generates a 
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digital signal output that is, proportional to the frequency 
difference. Step 804 determines if frequency lock is achieved. 
If frequency lock is achieved, the STDC sWitches to phase 
acquisition in Step 806. The tWo CTDCs are enabled and the 
HSCNTER is disabled. In Step 808 the system is Waiting for 
a rising edge (RE) of the REFCLK. At rising edge of the 
REFCLK, the FTDC is enabled in Step 812, and disabled 
again (Step 806) When phase detection is complete (Step 
814). This process ensures that the FTDC processes only on 
the HSCLK transition at every REFCLK cycle. The STDC 
stays in phase acquisition mode until lock is lost. 
At every rising edge of REFCLK (Step 808), the DSP 

evaluates if lock is lost. If lock is lost, the STDC sWitches 
back to frequency acquisition (Step 802). 

FIG. 9 is a ?owchart illustrating a STDC method for sup 
plying a digital Word representing the ratio betWeen a phase 
locked loop PLL frequency synthesizer signal and a reference 
clock. Although, the method is depicted as a sequence of 
numbered steps for clarity, the numbering does not necessar 
ily dictate the order of the steps. It should be understood that 
some of these steps may be skipped, performed in parallel, or 
performed Without the requirement of maintaining a strict 
order of sequence. Generally hoWever, the steps are per 
formed in numerical order. The method starts at Step 900. 

Step 902 accepts a frequency synthesizer signal. Step 904 
accepts a reference clock. Step 906 counts a number of fre 
quency synthesizer clock cycles per reference clock cycle. 
Step 908 measures a ?rst difference betWeen an edge of a 
reference clock period and a corresponding edge of a fre 
quency synthesizer clock period. In response to the ?rst mea 
surement, Step 910 measures a second difference betWeen an 
edge of a delayed reference clock period and the correspond 
ing edge of the frequency synthesizer clock period, Where the 
second difference is less than the ?rst difference. Step 912 
measures a third difference as a time duration betWeen the 

edge of the delayed reference clock period and the corre 
sponding edge of a frequency synthesizer clock period 
delayed a full period. Using the third difference measure 
ment, the ?rst difference measurement, and the count of the 
number of frequency synthesizer clock cycles per reference 
clock cycle, Step 914 calculates a digital error signal. Step 
916 supplies the digital error signal to a frequency synthe 
sizer. The digital error signal may be a frequency error signal, 
a phase error signal, or both a phase and frequency error 
signal. 

In one aspect, measuring the ?rst difference in Step 908 
includes representing the measurement of the ?rst difference 
as a digital Word. More explicitly, measuring the ?rst differ 
ence may include the folloWing sub steps. Step 908a accepts 
the frequency synthesizer clock. Step 9081) creates, n fre 
quency synthesizer clock phases. Step 908c latches each fre 
quency synthesizer clock phase. Step 908d clocks the latched 
frequency synthesizer phases With the reference clock, and 
Step 908e supplies an n-bit digital Word representing the 
measurement of the ?rst difference. 

In another aspect, measuring the second difference 
includes the folloWing substeps. Step 910a accepts the refer 
ence clock. Step 9101) creates n reference clock phases. Step 
910c multiplexes the n reference clock phases in response to 
the measurement of the ?rst difference. 

In one aspect, counting the number of frequency synthe 
sizer clock cycles per reference clock cycle includes the fol 
loWing substeps. Step 906a accepts the frequency synthesizer 
clock. In response to an enable signal, Step 9061) creates a 
tally of frequency synthesizer clock cycles. Step 9060 latches 
the tally, and Step 906d clocks the latched tally With the 
reference clock, to supply the count. 
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In another aspect, measuring the third difference in Step 

912 includes representing the measurement of the third dif 
ference as a digital Word. More explicitly, measuring the third 
difference may include the folloWing substeps. Step 912a 
accepts the delayed frequency synthesizer clock. Step 9121) 
creates m phases of the delayed frequency synthesizer clock. 
Step 912c latches each phase of the delayed synthesizer 
clock. Step 912d clocks the latched phases of the delayed 
frequency synthesizer clock With the delayed reference clock, 
and Step 912e supplies an m-bit digital Word representing the 
measurement of the third difference. 

In one aspect, measuring the ?rst, second, and third differ 
ences includes selectively enabling the measurement of the 
?rst, second, and third differences. 
A system and method have been provided for using a 

STDC to create a digital Word representing the ratio betWeen 
a phase-locked loop PLL frequency synthesizer signal and a 
reference clock. Explicit examples of circuit typologies have 
been given to illustrate the invention, but the invention is not 
necessarily limited to just these examples. Other variations 
and embodiments of the invention Will occur to those skilled 
in the art. 
We claim: 
1.A successive time-to-digital converter (STDC) compris 

ing: 
a frequency detector having an input to accept a reference 

clock, input to accept a frequency synthesizer clock 
from a frequency synthesizer, and an output to supply a 
count of the number of frequency synthesizer clock 
cycles per reference clock cycle; 

a ?rst TDC having an input to accept the reference clock, 
and input to accept the frequency synthesizer clock, the 
?rst TDC measuring a ?rst difference betWeen an edge 
of a reference clock period and a corresponding edge of 
a frequency synthesizer clock period, providing the ?rst 
difference measurement at an output, and providing the 
frequency synthesizer clock delayed a full cycle; 

a phase interpolator having an input to accept the reference 
clock, an input to accept the frequency synthesizer 
clock, and an input to accept the ?rst difference mea 
surement, the phase interpolator supplying the reference 
clock delayed to create a second difference betWeen the 
edge of the delayed reference clock period and the cor 
responding edge of the frequency synthesizer clock 
period, Where the second difference is less than the ?rst 
difference; 

a second TDC having an input to accept the delayed refer 
ence clock period, and input to accept the delayed fre 
quency synthesizer clock, the second TDC measuring a 
third difference betWeen the edge of the delayed refer 
ence clock period and the corresponding edge of the 
delayed frequency synthesizer clock period, and provid 
ing the third difference measurement as a time duration; 
and, 

a digital signal processor (DSP) having an input to accept 
the third difference measurement, an input to accept the 
?rst difference measurement, an input to accept the 
count from the frequency detector, and an output to 
supply a digital error signal to the frequency synthesizer. 

2. The STDC of claim 1 Wherein the DSP supplies a digital 
error signal to the frequency synthesizer selected from a 
group consisting of a frequency error signal, a phase error 
signal, and both a phase and frequency error signal. 

3. The STDC of claim 1 Wherein the ?rst TDC supplies the 
?rst difference measurement as a digital Word representing 
the relationship betWeen the edge of the reference clock and 
a phase of the frequency synthesizer clock. 
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4. The STDC of claim 3 wherein the ?rst TDC includes: 
n serially connected delay circuits to accept the frequency 

synthesiZer clock, supplying n frequency synthesiZer 
clock phases; and 

n latches, each latch having a signal input connected to 
receive a corresponding frequency synthesiZer clock 
phase, a clock input connected to receive the reference 
clock, and an output to supply a corresponding bit in an 
n-bit ?rst difference measurement signal. 

5. The STDC of claim 1 Wherein the phase interpolator 
includes: 
n serially connected delay circuits to accept the reference 

clock, supplying n reference clock phases; and, 
a multiplexer (MUX) having signal inputs to accept the n 

reference clock phases and a control input to accept the 
?rst difference measurement. 

6. The STDC of claim 1 Wherein the frequency detector 
includes: 

a counter having an input to accept the frequency synthe 
siZer clock, an input to accept an enable signal from the 
DSP, and an output to supply a tally triggered by the 
enable signal; and, 

a latch having a signal input to accept the tally, and clock 
input connected to receive the reference clock, and an 
output to supply the count of the number of frequency 
synthesiZer clock cycles per reference clock cycle. 

7. The STDC of claim 1 Wherein the second TDC supplies 
the third difference measurement as a digital Word represent 
ing the relationship betWeen the edge of the delayed reference 
clock and a phase of the delayed frequency synthesiZer clock. 

8. The STDC of claim 7 Wherein the second TDC includes: 
m serially connected delay circuits to accept the delayed 

frequency synthesiZer clock, supplying m phases of the 
delayed frequency synthesiZer clock; and, 

m latches, each latch having a signal input connected to 
receive a corresponding phase of the delayed synthesiZer 
clock, a clock input connected to receive the delayed 
reference clock, and an output to supply a corresponding 
bit in an m-bit third difference measurement signal. 

9. The STDC of claim 8 Wherein the second TDC is selec 
tively enabled in response to a signal from the DSP. 

10. A successive time-to-digital converter (STDC) method 
for supplying a digital Word representing the ratio betWeen a 
phase-locked loop PLL frequency synthesiZer signal and a 
reference clock, the method comprising: 

accepting a reference clock; 
accepting a frequency synthesiZer signal; 
counting a number of frequency synthesiZer clock cycles 

per reference clock cycle; 
measuring a ?rst difference betWeen an edge of a reference 

clock period and a corresponding edge of a frequency 
synthesiZer clock period; 

in response to the ?rst measurement, measuring a second 
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10 
measuring a third difference as a time duration betWeen the 

edge of the delayed reference clock period and the cor 
responding edge of a frequency synthesiZer clock period 
delayed a full period; 

using the third difference measurement, the ?rst difference 
measurement, and the count of the number of frequency 
synthesiZer clock cycles per reference clock cycle, cal 
culating a digital error signal; and, 

supplying the digital error signal to a frequency synthe 
s1Zer. 

11. The method of claim 10 Wherein supplying the digital 
error signal includes supplying a signal selected from a group 
consisting of a frequency error signal, a phase error signal, 
and both a phase and frequency error signal. 

12. The method of claim 10 Wherein measuring the ?rst 
difference includes representing the measurement of the ?rst 
difference as a digital Word. 

13. The method of claim 12 Wherein measuring the ?rst 
difference includes: 

accepting the frequency synthesiZer clock; 
creating n frequency synthesiZer clock phases; 
latching each frequency synthesiZer clock phase; 
clocking the latched frequency synthesiZer phases With the 

reference clock; and, 
supplying an n-bit digital Word representing the measure 
ment of the ?rst difference. 

14. The method of claim 10 Wherein measuring the second 
difference includes: 

accepting the reference clock; 
creating n reference clock phases; and, 
multiplexing the n reference clock phases in response to the 

measurement of the ?rst difference. 
15. The method of claim 10 Wherein counting the number 

of frequency synthesiZer clock cycles per reference clock 
cycle includes: 

accepting the frequency synthesiZer clock; 
in response to an enable signal, creating a tally of frequency 

synthesiZer clock cycles; 
latching the tally; and, 
clocking the latched tally With the reference clock, to sup 

ply the count. 
16. The method of claim 10 Wherein measuring the third 

difference includes representing the measurement of the third 
difference as a digital Word. 

17. The method of claim 16 Wherein measuring the third 
difference includes: 

accepting the delayed frequency synthesiZer clock; 
creating m phases of the delayed frequency synthesiZer 

clock; 
latching each phase of the delayed synthesiZer clock; 
clocking the latched phases of the delayed frequency syn 

thesiZer clock With the delayed reference clock; and, 
supplying an m-bit digital Word representing the measure 
ment of the third difference. 

18. The method of claim 17 Wherein measuring the ?rst, 
second, and third differences includes selectively enabling 
the measurement of the ?rst, second, and third differences. 

* * * * * 


